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Abstract 
Sustainable structural engineering follows the basic principle that the energy and resources consumption due to the construction 
and operation of a structure must be minimized. Relating to concrete structures this principle can be realized by the use of the 
material in the most efficient way considering its strength and durability within the service life of the structure. Againstthis 
background the presentpaper outlines methods to assess and reduce the environmental impact of concrete and means to increase 
itsperformance. The presented concept is applied to the concrete type with the greatest potential in sustainability, i.e. green 
concrete. Thereby, the basic principles of green concrete mix design are introduced and a systematic study of the influence of the 
cement content on the fresh and hardened concrete properties as well as on durability parameters is presented. From the results it 
can be seen, that green concretes possess a very high sustainability and, depending on the attack scenario,even might show 
acceptable durability characteristics whenthey are subjected to corrosive exposures. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the 2nd International Conference on Sustainable Civil Engineering 
Structures and Construction Materials 2014. 
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1. Introduction 
More than any other industry, the building industry is affected by the ongoing sustainability debate. Primarily, 
this is due to the pronounced environmental impact associated with the production of building materials, the erection 
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of buildings and structures and the subsequent use of these structures [1, 2]. This is especially true for structures 
made out of concrete, as the production of this material – and here especially the production of its raw material 
cement – is highly energy intensive and causes large emissions of CO2 [3]. Reducing the environmental impact 
during concrete production without considering the impact on the performance and durability of the material, 
however, would not suffice, as the required lifetime of concrete structures normally ranges between 50 to 100 years 
and thus spreadsthe environmental impact over a long time span. Increasing the sustainability of building structures 
therefore requires both a reduction of the environmental impact associated with the erection, maintenance and 
operation processes in conjunction with an increase of the durability of the structure at maximum technical 
performance. This relation is detailed in Eq. (1). 
 
̱ ୐୧୤ୣ୲୧୫ୣή୔ୣ୰୤୭୰୫ୟ୬ୡୣ୉୬୴୧୰୭୬୫ୣ୬୲ୟ୪୍୫୮ୟୡ୲ (1) 
 
Even though the definition given above differs from standard definitions of the term sustainability, it is well in 
line with the latter, as it addresses the three basic pillars of sustainability – i.e. environmental aspects (by introducing 
the environmental impact) as well as social and economic aspects (hidden in the lifetime and the performance 
parameters). As social and economic aspects, however, are extremely difficult or even impossible to evaluate during 
the concrete development process (i.e. the mix design), the definition given in Eq. 1 provides the engineer with a 
simple way to quantify the advantages and disadvantages of a certain concrete type with regard to its potential as a 
sustainable material. Whether this potential is exploited later on in the design and construction process is up to the 
designer of the building or structure. 
According to Eq. 1, there are three basic approaches to achieve a sustainable use of concrete: (1) the optimization 
of the composition of the concrete in view of its environmental impact while maintaining an equal or better 
performance and lifetime; (2) the improvement of the concretes performance at equal environmental impact and 
lifetime; (3) the optimization of the lifetime of the building material and the building structures at equal 
environmental impact and performance. This paper deals primarily with the aforementioned approaches (1) and (2), 
while the inclusion of approach (3) can be found elsewhere [39]. 
In a first step, the principal methods for evaluating the environmental impact of concrete production are shortly 
summarized in this paper (see Sec. 2). Building up on that, in Sec. 3, the mix design procedure of concretes with 
extremely low cement contents (“green concretes”) is presented. These concretes possess a very high potential in 
increasing the sustainability of concrete structuresand even show acceptable durability characteristicsas can be seen 
from Sec. 4.  
2. Evaluation of the environmental impact of concrete using the eco-balance method 
The starting point in optimizing the sustainability potential of building materials and structures lies in 
determining the environmental impact in a standardized manner within a so-called eco-balance as described e. g. in 
the European standards EN ISO 14040 and EN ISO 14044 [4, 5]. The impact of every substance emitted into the 
environment hereby can be attributed to one of 7 impact categories, which have been internationally agreed upon 
(see Table 1). 
Table 1. Impact categories classifying the environmental impact of industrial processes [4, 5] 
Category Designation Unit 
CED-fossil Cumulative Energy Demand (non-renewable) Joule 
CED-renewable Cumulative Energy Demand (renewable) Joule 
GWP Global Warming Potential kg CO2-equivalent 
ODP Ozone Depletion Potential kg R11-equivalent 
AP Acidification Potential kg SO2-equivalent 
NP Nutrification Potential kg PO4-equivalent 
POCP Photochemical Ozone Creation Potential kg C2H4-equivalent 
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The environmental impact resulting from the production of 1 m³ of concrete can be calculated by multiplying the 
impact resulting from the production of each raw material with the amount of raw material used in the concrete and 
by summing up the individual impacts. Table 2 gives an overview on the environmental impact of typical concrete 
raw materials. In many countries exact data on specific raw materials can be obtained from the raw materials 
producer using so-called environmental product declarations (EPD, [6]). 
As can be seen from Table 2, cement has a very decisive influence on the environmental impact of concrete, 
taking into account the large amounts of cement needed in the production of a standard concrete. The replacement of 
cement by reactive additives such as fly ash or finely grounded slag sand, however, is only beneficial to the 
environment as long as these materials are treated as industrial wastes and are therefore not attributed to the eco-
balance of the concrete (see Table 2). Consideration must also be given to the sometimes limited availability of 
these materials [11, 12], which has led to a worldwide search for new hydraulic binders with reduced environmental 
impact but unlimited availability. Examples for this development are Celitement [13] and calcined clays [14]. 
3. Mix development of concretes with low environmental impact 
Besides the search for binders with reduced environmental impact a very promising approach in designing 
concretes with minimum environmental impact lies in reducing the amount of binder in the production of concrete. 
Great progress in this contextwasmade in Denmark in the last decade. Glavind et al. [15, 16] for example presented 
concretes with mean compressive strengths around 30 MPa in which cement was systematically replaced by reactive 
additives such as fly ash or slag sand as well as stone powders. Proske and Graubner et al. [17] report about the 
development of low strength concretes, where Portland cement was successfully replaced by limestone powder, fly 
ash and composite cements and by which the environmental impact of the concrete was significantly lowered while 
maintaining sufficient strength and durability. 
These findings were confirmed by own results of the authors presented in [18]. A systematic investigation on the 
mix design principles of ecological concretes – i. e. concretes with a strongly reduced cement clinker content – was 
presented by Fennis [19]. By using packing algorithms such as the Compressible Interaction Packing Model (CIPM) 
Fennis was able to significantly reduce the amount of cement clinker needed for the production of concrete. With 
regard not only to the building material but also to the building structure fib bulletins 28 and 67 [20, 32] give a good 
overview on the state of the art in sustainable building design. 
Table 2. Life cycle assessment data of important concrete raw materials according to [7-10] 
Type of material 
CED 
GWP ODP AP NP POCP 
source 
non- 
renewable renewable 
[MJ/kg] [MJ/kg] [kg CO2/kg] 
[kg 
R11/kg] 
[kg 
SO2/kg] 
[kg 
PO4/kg] 
[kg 
C2H4/kg] 
cement 
Portland cement 
CEM I 32.5 5.650 8.74∙10
-2 0.951 1.64∙10-8 5.31∙10-4 3.30∙10-5 2.20∙10-6 [7] 
Portland cement 
CEM I 52.5 5.800 9.71∙10
-2 0.476 1.79∙10-8 5.74∙10-4 3.50∙10-5 2.36∙10-5 [7] 
cement (in 
general) 2.451 6.58∙10
-2 0.691 1.50∙10-8 8.30∙10-4 1.2∙10-4 1.0∙10-4 [8] 
fly ash 
treated as 
industrial waste 0 0 0 0 0 0 0 [-] 
treated acc. to 
mass fraction 
generated 
49.70 4.180 4.06∙10-8 3.2∙10-2 1.76∙10-3 1.1∙10-3 [9] 
treated acc. to 
added value 
generated 
4.84 0.350 8.45∙10-9 2.67∙10-3 1.52∙10-4 9.34∙10-5 [9] 
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slag sand 
treated as 
industrial waste 0 0 0 0 0 0 0 [-] 
treated acc. to 
mass fraction 
generated 
22.20 1.390 2.72∙10-8 5.39∙10-3 7.52∙10-4 9.32∙10-4 [9] 
treated acc. to 
added value 
generated 
3.54 0.149 6.76∙10-9 8.59∙10-4 8.18∙10-5 0.10 [9] 
(inert) fillers and aggregates 
limestone powder 0.350 2.10∙10-2 1.72∙10-2 5.72∙10-9 1.24∙10-4 9.22∙10-6 8.71∙10-6 
[7] 
limestone sand 0.114 4.64∙10-3 6.11∙10-3 3.19∙10-9 5.31∙10-5 6.05∙10-6 6.10∙10-5 
quartz powder 0-
0.22 mm 0.820 3.16∙10
-2 2.34∙10-2 4.98∙10-9 1.58∙10-4 6.75∙10-6 5.57∙10-6 
quartz sand 0.539 1.29∙10-2 1.02∙10-2 2.10∙10-9 7.54∙10-5 3.00∙10-6 2.58∙10-6 
sand 0.022 1.49∙10-3 1.06∙10-3 2.30∙10-10 6.57∙10-6 2.99∙10-7 2.39∙10-7 
crushed sand 0.113 2.21∙10-3 7.02∙10-3 6.31∙10-9 8.35∙10-5 1.24∙10-5 1.34∙10-5 
river gravel 0.022 1.49∙10-3 1.06∙10-3 2.30∙10-10 6.57∙10-6 2.99∙10-7 2.39∙10-7 
recycled concrete 
aggregates 0/16 0.084 2.00∙10
-4 6.00∙10-3 n. a. 5.70∙10-5 9.00∙10-6 8.00∙10-6 
admixtures 
superplasticizer 
PCE 27.95 1.20 0.944 3.29∙10
-8 1.19∙10-2 5.97∙10-3 5.85∙10-4 [10] 
plasticizer 14.30 1.70 0.739 n. a. 9.04∙10-3 4.55∙10-4 9.91∙10-4 [7] 
3.1. Mix design of green concrete 
The key challenge in the development of concretes with minimum environmental impact lies in maintaining a 
sufficient workability of the concrete at very low water contents. As in the fresh state water is needed to fill the 
inter-granular voids in the mix consisting of aggregates and cement particles and to lubricate the deformation of this 
granular system, a reduction of the water content at constant packing density would inevitably result in a loss of 
workability and in the formation of voids. Againstthis background, methods for optimizing the packing density of 
the granular mix constituents form a key step in the mix development process. The mix development algorithm 
applied in this paper is detailed in Fig. 1 and refers to several diagrams and equations given in this paper (the order 
of appearance thus is not continuous). The proposed scheme hereby builds up on the principles by Fennis [19]. 
In the first step, the desired concrete properties and the cement content have to be defined. Further the properties 
of the raw materials have to be experimentally determined. Based on the desired cement content and the strength 
requirements, the w/c-ratio can be assessed using Fig. 4 and the minimum packing density ߶୰ୣ୯ required to cope 
with this reduced water content can be calculated using Eq. 3. In a next step, the grain size distribution of all 
granular constituents has to be optimized using a combination of the grain size models by Funk and Dinger [21] and 
the CIPM-Modell proposed by Fennis [19], so that the packing density of the mix in the compacted state ߶ୡ୭୫୮ 
exceeds the required packing density ߶୰ୣ୯ (for details see [22]). Based on the achieved packing density the fresh 
concrete properties of the mix can be evaluated using Fig. 3 and the compressive strength can be predicted using 
Fig. 4. 
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Fig. 1. Schematic sequence of the mixture development procedure for green concretes. 
3.1.1. Optimization of grain size distribution 
 
The packing density of granular systems is strongly interlinked with the grain size distribution of the particles. 
Therefore, choosing the fractions of the available raw materials in a manner as to ideally fit an ideal grain size 
distribution for example as proposed by Funk and Dinger (see Eq. 2; [21]) or Andreasen [23] is supposed to yield 
optimally packed mixes. 
 
ܣሺ݀ሻ ൌ ௗ೙ିௗ೘೔೙೙ௗ೘ೌೣ೙ ିௗ೘೔೙೙  (2) 
 
In Eq. 2 A(d) designates the passing volume fraction of the particles as a function of the grain diameter d. The 
parameters dmin and dmax denote the minimum and maximum grain diameter. In order to achieve a maximum packing 
density for cement based systems the fit parameter n is recommended to be chosen between 0.3 and 0.4 [21]. 
Even though Eq. 2 provides a very simple way of optimizing the packing density of a granular mix, this method 
is afflicted with a major deficiency as it does not allow for a calculation of the actual value of the packing density. 
Further, the outcome of this optimization process is strongly influenced by the fit parameter n, for which only 
empirical data is available. Within the research presented in this paper, the Funk and Dinger Model was therefore 
combined with the Compressible Interaction Packing Model (CIPM) proposed by Fennis [19], which allows for the 
calculation of the absolute packing density of a given particle mix. 
3.1.2. Calculation of the packing density with the CIPM 
 
The CIPM was proposed by Fennis [19] and is based on the Compressible Packing Model first presented by de 
Larrard [24]. In contrast to other packing models it recognizes the fact, that the packing density of a granular system 
is not only a function of the grain size distribution of the particles but also of the amount of energy used to compact 
the material. Further the packing density is significantly influenced by the grain shape. Instead of incorporating the 
latterinfluence mathematically into the model – which was done by various authors before and is highly prone to 
errors – both de Larrard and Fennis consider this influence by including the experimentally determined packing 
density of each raw material into the model. The calculation of the packing density in the CIPM model relies on the 
assumption, that one grain fraction assumes a dominant role and that the other fractions are used to fill the voids 
between the grains of the dominant fraction. By limiting the span been the minimum and maximum grain size 
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dmin/dmax to values between 0.5 and 0.9 the dominating fraction however is unknown, thus requiring an iterative 
calculation of the packing density of one specific fraction when interacting with all other fractions. As all of these 
interactions contribute to the packing density of the final mix, the lattercan thus be determined by summation of the 
packing densities of all fractions while paying respect to the different compactabilities of each fraction. A detailed 
description of the CIPM model can be found in [19, 24].  
As the CIPM is mathematically highly complex, its application requires a numericalapproach. In order to find 
mix compositions with maximum packing density it is thus suitable to optimize the grain size distribution of the 
investigated mixes using the model by Funk and Dinger (see Sec. 3.1.1) prior to the application of the CIPM model. 
Fig. 2 shows the influence of the fit parameter n (Funk and Dinger model; Eq. 2) on the packing density of concrete 
mixes with dmax = 16 mm, dmin = 0.0001 mm and cement contents between 100 and 300 kg/m³ as calculated by the 
CIPM. 
 
Fig. 2.Particle packing density ߶ୡ୭୫୮ as calculated using the CIPM Model for granular mixtures with Portland cement CEM I 52.5 R and various 
quartzite aggregates as a function of the fit parameter n (see Eq. 2; left) and as a function of cement content of the dry granular mixture for 
varying fit parameters n (right). 
As can be seen, an optimal packing density of the mixes can be achieved, when the parameter n in Eq. 2 is set to 
values between 0.37 and 0.40. This is in good agreement with the recommendations by Funk and Dinger [21] and 
Andreasen [23]. The pronounced scattering in Fig. 2 (left) however also shows, that the packing density can be 
strongly improved beyond the possibilities of these simple models when applying the CIPM Model and actually 
calculating the real packing density while varying the fines composition.  
Further, the maximum achievable packing density is influenced by the cement content in the dry particle mix (see 
Fig. 2, right). Hereby the highest packing densities of approximately 0.92 were obtained for mixes with the lowest 
cement content of 4 vol.-%. This can be explained by the fact that ordinary Portland cements with a high Blaine 
value – such as it was used in this study – strongly disturb the grain size distribution of the concrete with regard to 
an optimal packing density. Reducing the cement content, however, mitigates this effect.  
3.1.3. Influence of mix design on green concrete properties 
 
Based on a total of 1500 mix designs calculated with the CIPM, 15 mixes with maximum packing density were 
chosen and tested for their fresh and hardened concrete properties in the lab. The composition of selected mixes is 
detailed in Table 3 and is characterized by cement contents between 4 to 10 vol.-% of the dry mix, corresponding to 
approx. 110 kg/m³ to 265 kg/m³ in the fresh concrete. As for the cement a Portland cement CEM I 52.5 R and a 
micro cement with strongly reduced particle size were chosen, respectively. As fillers, quartz powders were used to 
compensate for the reduced cement content. Details on the properties of the raw materials and on the mixing regime 
applied in this study can be found elsewhere (see [22]). 
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Table 3. Composition and characteristics of tested concrete mixtures (selected mixes; w/c considering the specific water adsorption of 
theaggregates) 
raw material / characteristic value dimension concrete 
cement content in dry mix [Vol.-%] 10.0 6.0 4.0 4.0 4.0 4.0 
grain size distribution 
(fit parameter n acc. to Eq. 2) [-] 0.37 0.37 0.37 0.34 0.37 0.34 
cement type [-] CEM I CEM I CEM I CEM I μCEM μCEM 
cement content 
[kg/m³] 
264 165 113 109 110 111 
quartz powder 1 44 46 48 92 96 96 
quartz powder 2 22 70 143 138 72 145 
sand 0.1/1 (mm) 429 482 479 478 499 502 
sand 1/2 (mm) 357 372 383 414 384 435 
river gravel 2/8 (mm) 535 557 575 460 576 483 
river gravel 8/16 (mm) 491 511 527 483 528 507 
water 158 124 96 129 94 89 
superplasticizer (PCE based) 3.96 3.37 3.70 4.10 3.30 4.20 
w/c-ratio [-] 0.538 0.643 0.691 1.049 0.683 0.656 
compressivestrengthfcm,7d 
(EN 12390-3 [25]) [MPa] 52.8 41.9 41.4 20.1 63.2 66.3 
degree of compactability c 
(EN 12350-4 [26]) [-] n. d. 1.19 1.26 1.16 1.26 1.27 
 
As can be seen inFig. 3, the fresh concrete properties (i.e. the degree of compactability c) essentially are a 
function of the w/c-ratio applied in the mix design. By increasing the w/c-ratio the degree of compactability c 
decreases yielding mixes with an improved workability. Despite their nearly identical grain size distribution (see Eq. 
2, n = 0.37 and 0.34, respectively), mixes with reduced cement content in general require a higher w/c-ratio to 
ensure sufficient workability. This tendency seems especially pronounced for mixes with cement contents below 6 
vol.-% of the dry mix. 
Further, the workability of the mixes is closely interlinked with the packing density ratio, i.e. the packing density 
of the mix ߶ related to the maximum possible packing density ߶ୡ୭୫୮ (see Fig. 3, right). With reducing packing 
density ratio ߶Ȁ߶ୡ୭୫୮  the lubricant film between the particles increases leading to a significant increase in 
workability (i.e. a reduction in compactability c). Hereby the actual packing density ߶ of the mix can be calculated 
from the volumes of water Vw and particles Vp used in the mix according to Eq. 3. The maximum possible packing 
density ߶ୡ୭୫୮ must be calculated using the CIPM (see Sec. 3.1.1). 
 
߶ ൌ ௏೛௏ೢ ା௏೛ (3) 
 
With regard to the performance of the investigated concretes at the hardened state Fig. 4 (left) shows that despite 
their strongly reduced cement content (compare Table 3), all investigated concretes show an equal or significantly 
higher concrete strength than ordinary Portland cement concretes at equal w/c-ratio especially at very early ages 
(line referring to standard concrete 7 day strength as a function of cement type and w/c-ratio; compare [28]). A 
pronounced increase in compressive strength could be found for concretes where ordinary Portland cement was 
replaced by a so-called micro cement, i. e. a Portland cement with an extremely high Blaine value of approx. 
6900 cm²/g compared to 5500 cm²/g for the CEM I 52.5 R used in the tests. Based on these findings, it can be 
concluded, that a cement content of 4 vol.-% on the dry mix obviously generates a sufficient amount of cement gel 
to coat all inert raw materials and thus generates enough bond-strength between the aggregates and the cement paste 
to provide compressive strengths up to 65 MPa at the age of 7 days. 
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Fig. 3. Fresh concrete compactability c (tested according to EN 12350-4 [26]) in relation to the w/c-ratio (left) and to the packing density ratio 
߶Ȁ߶ୡ୭୫୮ (right) of mixtures containing Portland cement CEM I 52.5 R (CEM I; Blaine value 5500 cm²/g) and micro cement (μCEM; Portland 
cement; Blaine value 6900 cm²/g) with a cement concentration of 4,6 and 10 % by volume in the dry mix, respectively, and fit parameters n of 
the particle size distribution curve between 0.34 and 0.37; compactability index classes according to [27]. 
 
 
Fig. 4.left: Compressive strength fcm,cube,7d of mixtures at an age of 7 days as a function of w/c-ratio and Walz-Curves for standard concrete ([28]; 
conversion to 150 mm cube strength and 7 day strength according to fib Model Code 2010 [29]); right: Binder intensity related to compressive 
strength fcm,cube,7d of mixtures with varying cement content and particle size distribution (fit parameter n) compared to literature results by Fennis 
[19], Proske et al. [17] and Daminelli [30] (all literature values 28-days strength). 
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Fig. 4 (right) shows the binder intensity bi, i. e. the amount of cement needed for 1 m³ of concrete to generate 
1 MPa of strength for the developed low-cement concretes in comparison to standard concretes as reported on by 
Daminelli [30] and other green concretes proposed by Proske et al. [17] and Fennis [19]. The reduction in cement 
content hereby leads to a pronounced reduction in binder intensity, hinting towarda strongly increased sustainability 
potential especially of mixes with no or low durability requirements. Fig. 4 (right) however also shows, that none of 
the available mix design approaches for green concretes – including the one presented in this paper – succeed to de-
couple the binder intensity from the strength requirements. With reducing strength requirement a more or less 
pronounced increase in binder intensity is observed for all concretes. This interdependency can be explained by the 
fact that for low strength requirements the cement content required according to the w/c-ratio would eventually go 
towards zero. However, in order to coat all inert particles with a sufficient amount of cement gel, a minimum cement 
content is required, leading to the observed increase. 
Calculating the Global Warming Potential (GWP) of the investigated concretes using the environmental impact 
data provided in Table 1 and referring this to the compressive strength – i. e. the performance of the concrete – 
shows, that the normalized GWP of the mixes significantly decreaseswith increasing compressive strength of the 
concrete. At equal compressive strength, however, the impact on the GWP can be significantly reduced by reducing 
the amount of cement used in the mix design (see Fig. 5). 
 
 
Fig. 5. Global Warming Potential (GWP) related to the compressive strength fcm,cube,7d of mixtures with varying cement content and particle size 
distribution (fit parameter n). 
4. Durability of concretes with low environmental impact 
As it was shown before, green concretes may possess a very good performance when they are composed 
according to the mix design procedure described in Sec. 3. When talking about green concretes, however, their 
sustainability potential could be questioned asthe described reduction in cement content only leads to an 
increasedsustainability as long as both an equal performance and durability are ensured. With this in mind, concrete 
mixes with maximum packing density were examined in view of their resistance against a freeze-thawattack and 
carbonation. Further, the concretes were tested for their resistance against water ingress and for their chloride 
migration behaviour.As some raw materials were unfortunately no longer available, the mix design had to be 
adjusted for a new type of cement and new sand and gravel fractions.  
The adjusted composition of the mixes is detailed in Table 4 (compare also Table 3) and is still characterized by 
cement contents between 4 to 10 vol.-% of the dry mix, corresponding in this case to approx. 113 kg/m³ to 268kg/m³ 
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in the fresh concrete. As for the cement a Portland cement CEM I 52.5 R and a micro cement with strongly reduced 
particle size were chosen, respectively.Additionally, in one mixture the cement CEM I 52.5 R was combined with 
micro silica fume by replacing 5 mass-% of the cement by the corresponding mass of silica-fume (referred to as SF-
CEM I).The reference concrete was adjusted to have a w/c-ratio of 0.434 with a cement content corresponding to the 
minimum requirements of EN 206-1.Details on the properties of the raw materials and on the mixing regime applied 
in this study can be found elsewhere (see [34]). 
Fig. 6 shows the results of freeze-thawtests conducted according to the CDF-method as described in [36].Slab-
like specimens with dimensions of 150 x 150 x 75 mm were casted, demoulded after 2 days and stored in water at 
20 °C until the age of 7 days. Hereafter, the samples were removed from the water and stored in a dry environment 
at 20 °C and 65 % r. h. for 21 days. The lateral faces of the samples were sealed using an alumina coated butyl 
rubber glue. The testing commenced with a 7 day capillary suction period, with the samples being exposed to a 
single sided exposure with a NaCl-brine containing 3 mass-% of NaCl. After this, the samples were exposed to a 
repeated freeze-thaw cycle, with minimum temperatures of -20 °C. Details regarding the test method can be found 
in [36]. 
Table 4.Composition and characteristics of tested concrete mixtures (selected mixes; w/c considering the specific water adsorption of the 
aggregates and the silica fume content if applicable) 
raw material / characteristic value dimension concrete 
cement content in dry mix [Vol.-%] 4.0 4.0 4.0 5.0 6.0 10.0 
grain size distribution 
(fit parameter n acc. to Eq. 2) [-] 0.34 0.34 0.34 0.34 0.34 0.34 
cement type [-] CEM I μCEM SF-CEM I CEM I CEM I CEM I 
cement content [kg/m³] 112.8 110.8 108.8 137,9 161,9 268,2 
quartz powder 1 
[kg/m³] 
96.1 96.2 96.1 93.9 91.9 91.4 
quartz powder 2 120.3 120.5 120.5 117.7 69.1 22.9 
sand 0.1/1 (mm) 519.1 520.0 520.0 489.5 496.6 440.9 
sand 1/2 (mm) 433.9 434.6 434.6 424.3 415.1 435.6 
river gravel 2/8 (mm) 482.1 482.9 482.9 471.4 164.2 458.6 
river gravel 8/16 (mm) 506.2 507 507.0 495.0 484.3 481.5 
water 86,5 84.9 86.5 106.4 125.6 130.1 
superplasticizer (PCE based) 6.49 6.4 6.5 6.0 5.7 6.2 
w/c-ratio [-] 0.638 0.635 0.650 0.668 0.690 0.434 
compressivestrengthfcm,7d 
(EN 12390-3 [25]) [MPa] 76.9 79.0 76.6 69.8 58.2 102.6 
degree of compactability c 
(EN 12350-4 [26]) [-] 1.25 1.21 1.19 - - - 
flow value a (EN 12350-5 [33])  - - - 390 450 480 
 
As can be seen from the results detailed in Fig.6, neither the tested reference concrete with a cement content of 
10 vol.-% corresponding to 268.2 kg/m³ nor the concretes with reduced cement content fulfil the requirements for a 
concrete corresponding to exposure class XF4 according to EN 206-1 (high water content with chloride attack) with 
a maximum allowable spalling of 1500 g/m². This result was expected. However, the experimental data also shows, 
that the capillary suction and the freeze-thawresistance of mixes with 4 vol.-%of cement show a lower water 
absorption and a lower freeze-thawwear than mixes with cement contents of 5 and 6 vol.-%, respectively. Despite its 
significantly higher w/c-ratio of approx. 0.63the mix containing 4 vol.-% of microcement exhibited a similar, but 
slightly worse freeze-thaw resistance than the reference concrete with a cement content of 10 vol.-% and a w/c-ratio 
of 0.42. 
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This result in combination with the increasingly declining performance of mixes with 5 vol.-%and 6 vol.-% can 
be explained by the reduced fraction of hardened cement paste per unit area of attack with declining cement content. 
As only the hardened cement paste is susceptible to a freeze-thaw attack, this effect obviously counteracts partly the 
opposedeffect of the increased w/c-ratio. Unfortunately the amount of data available is still too small to derive a 
general law which quantifies both effects. 
In order to investigate the influence of the interfacial transition zone (ITZ) on the durability of concretes with low 
cement content, in the mix entitled “4 % SF-CEM I”, 5 % by mass of the Portland cement were replaced by a micro 
silica fume. It was dosed to the coarse aggregates in order to enhance a localization of these particles on the coarse 
aggregate surfaces. The comparison of this mix with the corresponding reference, i.e. the mix containing 4 vol.-% of 
Portland cement, does not show any difference in the free-thaw-behaviour. Here, obviously the w/c-ratio of the 
cement matrix in general is too high for the ITZ to have any significant effect on the freeze-thawresistance. Small 
differences however become visible when comparing the results of the water absorption test. Here the mix 
containing micro silica fume exhibits a higher water absorption than the mix without silica fume. 
 
 
 
Fig. 6. Capillary suction (left) and concrete spalling (right) of investigated mixes in the CDF-test according to [35, 36]. 
A very important aspect in the evaluation of the durability of the investigated concretes is their resistance against 
a CO2-induced carbonation. Therefore, beam shaped samples with dimensions of 100 x 100 x 440 mm³ were cast, 
demoulded after 2 days and stored in water at 20 °C until the age of 7 days. After that the beams were removed from 
the water storage and exposed to dry conditions at 20 °C and 65 % r. h. until the age of 28 days. At this point in time 
half of the beams were removed from the climate chamber and exposed to an increased CO2 concentration of 2 
vol.-% at 20 °C and approx. 70 % r. h. Both the samples carbonating at normal CO2 and increased CO2 
concentration were investigated for their carbonation depth by splitting the samples at four points along the length of 
the beam and applying Phenolphthalein to the split surfaces. The carbonation depth of each concrete was determined 
with one beam, measuring inwardat 3 points along each of the 4 edges of the split surfaces. 
As can be seen from Fig. 7 (left), the reference concrete (w/c = 0.42)subjected to normal carbonation (i.e. approx. 
0.04 vol.-% of CO2) does not show any carbonation at all, whereas the samples with reduced cement content exhibit 
a significantly increased carbonation. The worst performance alsoin this comparison was observed on the mix 
containing 6 vol.-% of cement, followed by the mixes with 5 and 4 vol.-% cement. Whereas the differences between 
the 6 vol.-% mix compared to the 4 and 5 vol.-% mixes are of statistical significance, the differences between the 
latter two are not. The same is true regarding the differences between the composite cement containing micro silica 
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fume and the corresponding mix without silica. Similar results with regard to the ranking of the performance of the 
investigated concretes can be found for the samples exposed to an accelerated carbonation at 2 vol.-% of CO2 in Fig. 
7 (right). In this test setup the reference concrete also did not exhibit any carbonation. The best performance of all 
cement reduced concretes was found for the mix with 4 vol.-% of micro cement. Independent of the test set-up the 
carbonation depth was lower than 1 mm, showing a good carbonation resistance. 
 
 
Fig. 7.Carbonation depth of investigated concretes exposed to natural CO2 environment at 20 °C and 65 % r. h. (left) and 2 vol.-% of CO2 at 20 
°C and approx. 70 % r. h. (right) at an age of 56 d (test set-up and storage conditions see text) 
In order to evaluate the performance of the concretes with regard to chloride migration and in turn chloride 
induced corrosion of the reinforcement, the chloride migration coefficient was determined using the Rapid Chloride 
Migration Test (RCM) as described in [37].Therefore cubes with an edge length of 150 mm were cast, demoulded 
after 1 day and stored in water at 20°C. From the cubes, cylindrical cores with a diameter of 100 mm were extracted 
by drilling and cut to a length of 50 mm. All samples were stored in water until the age of testing at 28 d. The testing 
consists of exposing the bottom of the samples to a single sided attack by a 10 % NaCl-brine mixed with 0.2 N KOH 
solution. On the top of the samples 0.2 N KOH solution is placed. The chloride migration in the concrete is 
accelerated by applying a constant electrical voltage between the NaCl/KOH solution on the bottom and the KOH 
solution on top of the sample. The progression of the chloride migration front is measured by splitting of the sample 
and visualizing the chlorides using an indicator substance. 
As can be seen from the results in Fig. 8 (left), the mixes containing 4 vol.-% of cement exhibit a similar 
behaviour compared to the reference mix despite the pronounced differences in composition and w/c-ratio. For the 
mix containing 4 vol.-% of micro cement even a reduced chloride migration could be observed. Similar to the results 
of the carbonation tests and the freeze-thaw-test, the worst results were observed on the mix with 6 vol.-% of 
cement, followed by the mix with 5 vol.-% of cement. The addition of silica fume leads in this case to a statistically 
relevant reduction in the chloride migration. 
302   Harald S. Mü ller et al. /  Procedia Engineering  95 ( 2014 )  290 – 304 
 
Fig. 8.Chloride migration behaviour using the RCM-method [37] (left) and water penetration depth (right) of investigated mixes 
The characteristics of the concretes regarding their water penetration depthunder pressure were determined 
according to [38]. Therefore, samples with dimensions of 150 x 150 x 100 mm³ were cast, demoulded after 2 days 
and stored in water at 20 °C until the age of 28 days.Water pressure was applied with a value of 5 bar for 72 hours 
followed by measuring the water penetration depth after splitting of the samples.  
The results are illustrated in Fig. 8 (right) and show in general thatthe measured values for the water penetration 
depth for all concretes staysbelow the limit of 50 mm agreed as boundary value for impervious concrete.However, 
in this case,the mix containing 4 vol.-% of micro cement shows no superior qualities and remains in line with the 
other mixes of the same category of 4 vol.-% of cement. The reference mixture with the lowest w/c-ratio shows the 
lowest water penetration depth as expected. As could be observed already in the preceding durability investigations, 
the worst results gave the mix with 6 vol.-% of cement. 
5. Conclusions 
The evaluation of the sustainability potential of building materials as well as of entire buildings or structures is 
highly complex, as it involves the quantification of three interacting and interdependent parameters, i. e. the 
environmental impact, the technical performance and the lifetime. From this it is highly obvious, that a sole 
reduction of the environmental impact e. g. during the construction process will not benefit the environment as long 
as an equivalent technical performance and the lifetime cannot be guaranteed. This interdependency can be 
evaluated using the definition of the so-called sustainability potential proposed in Eq. 1. 
As was shown in this paper, the introduction of the aforementioned definition is especially useful with regard to 
the comparative evaluation of the sustainability of building materials such as concrete. Whereas existing 
sustainability evaluation programs such as DGNB, LEED or BREEAM are exclusively focused on the evaluation of 
residential or industrial buildings and are highly complex in their application (see e. g. [31]), simple indices allowing 
a fast comparison of the sustainability potential of different concretes are missing. This becomes especially relevant, 
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when the focus of the design process is placed on infrastructure buildings such as bridges, tunnels etc. For these 
structures, both the technical performance as well as the durability are decisive parameters which are directly linked 
to the material behaviour. The sustainability potential then has a dimension of time multiplied for example by 
strength or loading capacity divided e. g. by the GWP. Other dimensions are possible, when different properties or 
impact categories are considered. However, as the compressive strength at 28 days is the decisive design parameter 
in concrete design, it appears reasonable to express the performance of the concrete by the characteristic strength at 
28 days fck. By choosing the characteristic instead of the mean strength, safety aspects resulting from an increased 
scattering of the material parameters can be considered. Similarly, we propose to incorporate the GWP as lead 
parameter for the environmental impact into Eq. 1, as the environmental impact of the concrete production is mainly 
characterized by pronounced emissions of CO2 resulting from the cement production. 
With regard to the lifetime of the material, an approach exists [39], which allows for the calculation of the service 
life tSL of a concrete subjected to one or more environmental loadings. By introducing weighting factors and fault 
tree approaches, also interdependencies between the various loadings can be correctly considered. These influences 
and interdependencies are not necessarily limited to durability actions. Basically any time dependent influence can 
be incorporated in the calculations as long as it can be described mathematically and the standard deviation and 
corresponding distribution function of the data is available. Therefore, the sustainability potential ȳ of a particular 
concrete can be calculated as 
ȳ ൌ ௙೎ೖή௧౏ైୋ୛୔  (4) 
 
and possesses the dimension [MPa∙s/kg] = [s-1∙m-1].  
Based on this definition, today basically two different approaches are being pursued to improve the sustainability 
of concrete: the development of concretes with minimum environmental impact on the one hand and concretes with 
maximum performance and durability on the other hand. In this paper the focus was placed on the first approach. 
Recognizing the substantial influence of the binder cement on the environmental impact of concrete, major 
research is directed at developing concretes with strongly reduced cement content. The mix design principles as well 
as the systematic influence of the cement content on the concrete properties were presented in Sec. 3. As can be 
seen, concretes with approximately one third of the usual cement content can be realized without substantial losses 
in compressive strength. Hereby the environmental impact can be reduced by up to approx. 50 % depending on the 
impact class considered. According to the presented results, the binder intensity – i. e. the mass of binder in 1 m³ of 
concrete being necessary to generate 1 MPa of compressive strength – can be reduced from approximately 10 to 
15 kg/(MPa∙m³) (average value for ordinary concrete today) to values between 0 and 5 kg/(MPa∙m³). However, from 
the results it becomes also evident, that the necessary binder intensity to generate sufficient strength strongly 
increases with decreasing design strength, thus limiting the possibilities in a further reduction of the cement content 
(compare Fig. 4). 
A final evaluation of the sustainability potential of green concretes waslimited until nowto pure comparisons 
between performance and environmental impact parameters, as reliable information onthe durability parameters of 
such concretes with regard to standard expositions wasmissing so far. Therefore, the developed green concretes 
were examined in view of their frost behaviour, carbonation tendency, chloride migration and water absorption 
behaviour. As can be seen from the results, green concretes with approximately one third of the usual cement 
content may possess an acceptable durability depending on their composition whenthey are subjected to corrosive 
exposures and consequently show a very high sustainability which will multiply their future application possibilities. 
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